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NATIONAL ADVISORY C O M M I ~  FOR AERONAUTICS 

By Thaine W. Reynolds 

An analysis of probable heat-exchanger  weights for  stationary and 
rotary  regenerator  heat exchangers f o r  use in  a  hydrogen-expansion turbine 
engine i s  presented. Heat-exchanger-core beights  alone wlll probably  be 
above 48 pounds per pound of hydrogen flow per second for  stationary  re- 
generators at a turbine-inlet  temperature of 2oOo0 R. This w e i g h t  is for  
a pressure drop through the exchanger of almut 10 percent of the inlet 
pressure. 

3 
c! regenerator-core weight i n  half. a Lowering the  turbine-inlet  temperature  to about 1500° R would cut the 

Rotary regenerators  offer  possibil i t ies  for a  considerably  lighter 

ators. At the same time,  lower combustor temperatures may be employed. 
The mechanical problems associated with t h i s  type of exchanger may be 
quite  severe. 

1 heat-exchanger  core, possibly  one-fourth that of the stationary  regener- 

. 
Calculated  p4ysical  properties of rich-mixture combustion products 

of hydrogen and &E, which 
are  presented. 

One engine  cycle that 
high-alt i tude  aircraft  use 
section shown in  f igure 1. 

&e required f o r  heat-transfer  calcuiations, 

INTROISU%TION 
oc 7 7 -  $57 

has been considered for  possible high-speed, 
(ref. 1) is i l l u s t r a t ed  by the  engine  cross' 
In th i s  cycle, which is called Rex III i n  

reference 1, the  cruise  engine is  ess&nti&ly a ramjet burning hydrogen 
fue l .  In  order to obtain  takeoff and boost t h r u s t ,  a fan is  provided at 
the   in le t .  The power 'to  drive  the  fan is obtained by expanding hot hydro- 
gen g a s  through  the  turbine. The hydrogen is heated i n  turn i n  a heat 
exchanger by the combustion products  ?&.the hydrogen with a portion of 

'.Esw@mweHk~@. :x 
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An evaluation of 
part  upon an analysis 

the usefulness of this engine  cycle HL1 depend i n  
of the component w e i g h t s .  While it is  realized that I 

many o f t h e s e  component weights are interdependent, this   report  examines 
only the effect  of varying parameters on the  required  heat-transfer area 
and probable w e i g h t  of the heat-exchanger core i t s e l f .  Heat exchangers 
of both  the  stationary and rotary type are  considered. 

I n  the particular  cycle  considered  herein, the high-temperature com- 
bustion product 6 for  heating the hydrogen are  obtained by burning hydrogen 
rich.  The effect  of obtaining the high t eqe ra tu res  b y  rich-mixture com- 
bustion rather than by lean is twofold: (1) 'The inner col?ibustor is 
smaller, since much .less air i s  required, and (2)  the physTcal prqpertiee 
of the combustion gases  are such that higher heat-transfer  coefficients 
can  be  obtained, w h i c h  would r e su l t   i n  a smaller heat exchanger. 

B u u. a 

Mechanical problems associated with the design of these heat exchang- 
ers are not  evaluated;  only  the performance is considered f'rom the heat- 
transfer point of view. Physical  properties of hydrogen and of combuetion 
products of hydrogen-rich  air'mixtures of interest  i n  heat-transfer cal- 
culations are presented. 

This report  presents the result6 of the analys ie  as generalizations 
independent of the heat-exchanger co~Pigurations t o  the  extent possible. 
The calculations of actual  core weight ana pressure drops, however, obvi- 
ously  require  selection of actual  configurations. The heat-exchanger 
cores  considered were taken from reference 2. . -- 

PHYSICAL PROPERTIES 

Heat-transfer  coefficient data are usually  presented aa corre-latione 
involving the dimensionlees groups, Nusselt,  Stanton, Reynolds, and 
Prandtl numbers. Evaluation of these groups requires  certain  physical 
property data fo r  the f l u i d  involved. The physllcal properties of hydro- 
gen: and the combustion products of r i ch  Wdrogen-afr  mixtures  required 
for the  analysis of the heat exchangers presented  herein  are (1) vlscoeity, 
(2) thermal conductivity, (3) specific heat, (4) mean mokcular weight, 
(5) combustion temperature, and (6) enthalpy. 

All symbols are defined i n  amendix A, and the method of calculating 
the properties of the mixtures is presented i n  appendix B. The calculated 
values are presented i n  figures iZ t o  8. 

A diagram showing the components of an engine and the conditions 
under consideration in the follo.wing discussion is s h m  i n  figure 9 .  A 

. 
4 -  



NACA RM E57H09 3 

f u e l  flow r a t e  of 6 pounds per second was  chosen as 'Ea. basis for  presenting 
the  calculations. IIlplis flow rate m i g h t  correspond to  the takeof'f f u e l  . 
f low r a t e   fo r  a 67-inch-diameter  engine  designed for Mach 4 at 100,OOO 
fee t .  The t o t a l  engine airflaw would be about 300 pounds per second and 
the  afterburner  temperature about 360O0 R. 

Liquid hydrogen is pumped t o  approximately  8-atmosphere pressure and 
is vaporized and heated t o  the desired  turbine-inlet  temperature Tco by 
the  heat exchanger. The hydrogen gas is expsnded through the turbine to 
2- atmospheres and a corresponding lower temperature. The hydrogen then 
enters  the combustor where it combines with air from a secondary fan at 
7ooO R and at a combustor pressure of about 2.2 atmospheres t o  arr ive at 
a flame temperature . Thi. This  hot combustion gas enters the other side 
of the heat exchanger and ex i t s  from the  heat exchanger at Tho. This 
fuel-rich mixture  then combines with the major portion of the air, and a 
combustLon temperature of  about 3600° R is achieved.. The gases are dis -  
charged  through a suitable - s t  nozzle. 

1 
2 

The variables w i l l  be  discussed  Kithout.  reference t o  specific  heat- 
exchanger cores  insofar as possible.  Calculations will then  be  presented 
f o r  cer tdn  specif ic   cores .  

The required heat-exchanger area is determined from the re lat ion 

9/t = UAAT 

For a hydrogen flow rate of 6 pounds per second  and a turbine-inlet tem- 
perature of ZOCOo R, the required heat-exchapger  capacity q/t is akout 
150,000,OOO Btu per hour. For a selected combustion temperature and heat- 
exchanger arrangemnt (i.e., counterflow,  crossflow  wfth one f l u i d  mixed, 
etc.  ) , the AT of equation (1) is established. It is then only  necessary 
t o  evaluate  the  over-all  coefficient U t o  determine the  heat- t ransfer  
area (and,  hence,  approximate heat-exchanger-core  weight)  required. 

Combustion Temperature 

The combustion temperature is determined by the equivalence r a t io  
and the inlet temperatures of the f u e l  and air. The fuel'temperature 
entering  the combustor i s  assumed t o  be 700° R less  than  the heat- 
exchanger-outlet  temperature. This temperature  difference  corresponds t o  
the-work  required of the  turbine to drive the fans. 
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I n  the  following  calculat io-, a turbine-inlet temperature of 2000° 
R will be assumed. The effect  of varying thb temperature ~3.u be con- 
sidered  in the section  entitled  Turbine-Inlet Temperature. The combustion 
temperature must be above x)OOo R fo r  a f i n i t e  heat-exchanger area. An 
increase in the combustion temperature will require more a i r  to be burned 
(lower equivalence rat io)   s ince  thie  i s  a rich-fuel combustor. The com- 
bustor cross-sectional  mea must then be increased if the same flow Mach 
number is t o  be  maintained. As the  equivalence ratio varies,  the  heat 
capacity and molecular weight of the combustion products vary. Table I 
shows the  variations of some of these factors as the combustion tempera- 
ture i s  changed from 2300° t o  29000 R, while  the  combustor-exit Mach num- 
ber i s  held a t  0.1. 

* 

10. 

Table I a l s o  shows the  fncreased  effective  temperature  gradient for 
heat t ransfer  DTZm a6 the combustion temperature i s  increased. The 
ATZm is the  effective  temperature  gradient for counterflow  arrangement. 
The relative  heat-transfer  area  required would be decreased  correspondingly 
as  the combustion temperature i s  increased if the over-all transfer coef- 
f i c i en twas  not affected. 

- 

Relative combustor cross-sectional  area and relative  effective tem- 
perature  gradfent f o r  heat  transfer ATzm for varying combustion tempera- 
tures  are plotted in figure lo. For simplicity,   this conrparison is  m a d e  
by assuming counterflow arrangement. With a crossflow exchanger,  a greater 
change i n  effective AT with changing cornbustion temperature would resul t .  

Figure 10 shows that,  unless the over-all heat-transfer coefficient 
decreases  greatly  as the combustion temperature  increases, the smallest 
heat-exchanger area will be obtained by going t o  the highest combustion 
temperature  compatible  with structural   l imitations on tlae metal. 

Heat-Transfer Coefficients 

The f inal   var iable  remaining t o  be  determined in order t o  establish 
the  heat-transfer  area requirement is the mer-all heat-transfer  coeffi- 
cient U. For negligible wall resistance, U i s  related. to the individual 
coefficients by 

Next t o  be examined are the probable values of the coefficient8 h, and 
hh  and their .vasiation  with temperature. 
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The heat-transfer  coefficient may be  written as follows, from the 
definit ion of the Stanton number: 

h = ( S t ) C p p V  (3) 

By using  the ideal equation of sta te  p = pm/RT and the  relation for the 
speed of sound V = M d m ,  the  above equation may be  transformed t o  

Experimental heat-transfer  coefficients n the heat-exchanger  corea t o  be 
compared later are plotted as (S t )  (Pr) P against Re. Equation (4) could 
be written 

where p and T i n  this  equation are static pressure and static tempera- 
ture,  respectively. The Mach nuniber range is low enough that s t a t i c  and 
t o t a l  temperature are  considered the same. Static  pressure is used through- 
out the comparison. 

I The probable  range of heat-transfer  coefficients  for the fuel and I '  
combustion products  can  be  estimated f r o m  equation (5). 

1 

h Eydrogen. - For a constant pressure of 8 atmospheres and an assumed I 

value of ( S t ) ( P r )  2/3 of 0.003, the heat-transfer coefficient of the hydro- 
gen will have the Sollowing vssiation with temperature and Msch number: 

600 

4680 M .69  3.69 2000 
5600 M .685 3.55 1300 
8060 M 0.68 3.46 

This assumed value of (st) (Pr)  2/3 i s  in   t he  range t o  be expected for f l o w  
of the hydrogen inside small tubes, which is the situation. considered 
herein. Probable minimum values of the hydrogen-side coefficient are shown 
in figure 11. 
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Combustion products. - a constant pressure of 2.2 atmospheree  and 
an assumed value of ( S t ) ( P r T 3  = 0.003, the  heat-transfer  coefficient of - 
the couibustion products will vary with temperature and Mach number as 
follows : 

2300 3.45 1.S 
2400 8.07 1.00 
2500 8.7 .92 
2700 10.17 .80 
2900 11.46 .72 

8SL M 
772. M 
730 M 
651 M 
585 M 

R a t  io, 

5 
Probable minimum values of the hot-side  coefficient are plotted i n  
figure 12. 

, Thus, by maintaining the h c h  number above 0.17, the minimum heat- 
transfer  coefficient  to be  expected on the  hot side sh uld be a t  l eas t  
100 Btu/(hr) (sq ft-) (OF), since t h e  value of (St) (Pr)273 = 0.003 is near 
the minimum t h a t  w i l l  be  encountered  under the  conditions  considered. 
For flow over tubes of small diameter (as on the  shel l   s ide of shell-  
tube  exchangers), t h e  value of ( S t )  (Pr)2/3 should be considerably  higher 
than  0.003, and,  hence, values of h of 100 or above may be obtained 
a t  considerably lower Mach numbers. 

I 

The last column i n  the pevious  table also shows how the beat- 
transfer  coefficient of the combustion products  varies as the temperature d 

varies   for  a constant Mach  number flow. The value at 29000 R is taken a8 
the reference  point. These relative values are plot ted i n  figure 13 &B 
a function of temperature along with the re lat ive AT valuee from 
figure 10. 

. The heat-transfer  coefficient of the couibustion producte, which 
should essentially  control the mer-all coefficFent U, b e s  not decrease 
as rapidly as the effective AT increases with increasing combustfon 
temperature. Thus, it is apparent that the highest combustion temperature 
compatible  with allarable metal wall temperatures will give the lower 
w e i g h t  heat -exchanger cores. 

Limiting Metal Temperature 

The maximum equilibrium metal. w a l l  temperature will be determined by 
the maximum hot- and cold-gas  temperatures and the r a t i o  of the hot- t o  
the cold-side &eat-transfer c.oefficients: 



where the  turbine-inlet  temperature is 20CQo R. 
TCO 

The variation of metal  temperature Tw with  conbustion  temperature 
%i is shown for   several   ra t ios  of heat-transfer  coefficients i n  figure 
14(a) . " 

For an estimate of maximum possible  allowable metal temperatures 
with  present materials, a plot of yield  strength and 1000-hour rupture 
stress against  temperature is shown ( f ig  . 14(b))  for a hi&-temperature 
alloy, Inconel X ( ref .  3). Depending  upon the s t ress  limitatims of the 
design, it appears that metal temperatures of 2100° t o  220O0 R might be 
allowed, which would permit combustion temperatures  close t o  30000 R. 

A 1/4-inch-diameter  tube, f o r  example, at 8-atmosphere (120 lb/sq i n . )  
pressure and wfth a wall  thickness of 0.012 inch would have a hoop stress 
in   t he  wall of about 1190 pounds per square inch. A t  22000 R, the indi-  
cated 1000-hour rupture  stress  (fig. 14(b)) for  Inconel X is about 2500 
pounds per  square  inch. 

Turbine-Inlet Temperature 

Decreasing the  turbine-inlet  temperature lowers the heat-exchanger 
capacity  required and gives  higher  temperature  differences f o r  heat  trans- 
f e r  f o r  the same combustion temperature. Both of these  factors  decrease 
the heat-exchanger size. At the same time, however, a lower fue l  tempera- 
ture  into  the combustor resul ts ,  and the burning of more air i s  required 
t o  reach  the same combustion temperature. Thus, the combustor would be 
m g e r .  Alternatively,  the combustion temperature may be  reduced. 

Table I1 shows changes in  pertinent  variables a8 the turbine-inlet 
temperature is changed while the combustion temperature is held constant 
at 29Oo0, 270O0, and 250O0 R. 

The re la t ive  UA requirements fo r  a given  turbine-inlet  temperature 
and  combustion temperature are shown i n  the last column of table 11. 
Counterflow  arrangement is assumed f o r  simplicity of analysis. The UA 
requirement for  a turbine-inlet  temperature of W0 R and a  combustion 
temperature of.29000 R is used as the basis f o r  comparison. If the  over- 

heat-transfer  coefficient of the combustion products, hh curve in   f igure 13, 
I a l l  coefficient U is  assumed t o  vary with combustion temperature as  the 
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the  relative  heat-transfer-area change may 
combining the curve of figure 13 with 
This  comparison is  shown i n  figure 15. 

be estimated by properly 
the UA values of table  11. L 

From the  curves of figure E, . ~ t  is  apparent  thatCdecreasing tb" 
turbine-Lnlet  temperature from ZOO00 t o  14000 R would about cut the heat- 
exchanger w e i g h t  i n  half a t   the  combustion temperature level  of 29W0 R. 
Also, at the lower turbine-inlet  temperature, the combust1o.u temperature 
could be reduced  se-rreral hundred.degrees-without  greatly  affecting the 
heat-exchanger area. At these.. lower turbine-inlet  temperatures,  the 
change in  hh nearly counteracts  the change i n   d f e c t i v e .  AT, so thst it 
would  be more advantageous t o  go to the lower combustion temperatures. 

Specific Heat-Exchanger Cores 

The princtpal  objective  here was t o  establish a range of lieat-transfer 
areas (and, hence, probable  core weights) fo r  a range of' combustion- 
products-side  pressure drops through the system. Since the weight was of 
primary  concern, the mfnimum heat-transfer  area  for any allowable  preseure 
drop was desired. For this reason,  the various types of heat-exchanger 
cores i n  reference 2 were  examined. 

Previous  discussion has pointed out that the heat-transfer  coefficient 
on the hydrogen side of the exchanger shoula be easily maintained  coneider- 
ably higher than that expected on the combustion-product8 aide. Further, - 
the  pressure drop on the hydrogen side could  be  increased, if' necessary, 
by merely increasing the l iquid pump discharge  pressure.. I n  calculating 
an over-all  coefficient  for heat transfer,  the cold-side (hydrogen) COef- 
f ic ien t  wa6 assumed equal t o  500 Rtu/(hr)(sq f t > ( O F ) .  

.. 

Heat exchangers of the shell-tube  type, wlth the combustion producta 
over the  shel l  side, gave minimum heat-transfer-area requiremente. In  
order t o  keep the pressure drop through  the shell aide of t h i s  exchanger 
i n  the neighborhood of 10 percent,  the frontal area  requirements  are large, 
and the exchanger becomes voluminous. Without considering  the  practicality 
of such  arrangements f o r  this application,  calculations are shown i n  table 
I11 for various  corea and s e v e r d   i n l e t  Mach numbers since  the  calculations 
yielded the minimum exchanger weights. The number identirying the core 
correspond6 t o  the  figure number of the performance curves in  reference 2. 
The pressure drops were estimated by the method of reference 4. 

The heat-transfer.-area - pressure-drop  relations- from th i s  table are 
plotted i n  figure 16. A curve bounding these  points w a s  dram which essen- 
t i a l l y  estab1ishes.a minlmum heat-transfer  area  for a given pressure drop 
through the system. For a Ap/p of 10  percent, a minimum heat-transfer 
area would appear t o  be about 570 square fee t .  B this core were made 
from 0.012-inch-thick  stainless  steel or  Inconel, it would weigh about 
1/Z pound per square foot, or about 285 pounds. This is -approximately 48 
pounds per pound af hydrogen flow per secund. 

" 

II - 
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A schematic diagram of a rotary-heat-exchanger ins ta l la t ion  i s  shown 
in   f igure  17. The purpose of the  rotary  heat &changer is exactly the 
same as for   the stationary one. A rotary heat exchanger consists of a 
matrix of material which rotates  and causes the matrix t o  pass   a l termtely 
through the hot and cold f lu ids .  Heat is t h u s  transferred from the hot 
gas to the matrix, thence to  the  cold gas. 

An additional  variable  to be chosen w i t h  the rotary exchanger is the 
capacity  rate  ratio Cr/C,in; that is, the r a t i o  of the c q a c i t y   r a t e  of 
the  core t o  the minimum capacity  rate of the two gas flaws. A smaller 
capacity  rate r a t i o  gives *a greater  temperature  excursion t o  the matrix 
material, a resultant lower effective AT for  heat  transfer, and, hence, 
a greater  area  requirement and greater  core weight. The rotat ive speed 
is lower f o r  lower r a t io s  of Cr/Gin. 

A summary of design  theory f o r  rotary  regnerators is given i n  refer- 
ence  5, and effectiveness - NTU curves are given in reference 2. Experi- 
mental heat-transfer and f r i c t ion  drop performance f o r  several wire-screen 
matrices is also  given  in  reference 2. Data on these same matrices are 
extended t o  high Reynolds numbers in  reference 6.  cu 

& 
0 

Since the core heat-transfer and flow areas are common t o  both heat- 
" 

t ransfer  f lu ids ,  the independent choice of f l o w  conditions is more l imited 
than with the  stationary heat exchanger. In  the  case  considered  here, the 
hydrogen flow is  considerably  smaller than the conibustion gas flow. One 

as low as possible to increase the f l o w  area on that side without  decreas- 
ing  the  heat-transfer  coefficient of the wdrogen to   too  low a value. 

- 
- compromise that has t o  be made is to keep the hydrogen-side Mach number 

Heat -Transfer  Coefficients 

The wire-screen  matrices from reference 2 with the smallest wire 
diameters were used to  establish  the  ranges of heat-transfer  coefficients 
t o  be  expected.  Table N lists some of the parameters of the  matrices of 
interest .  Again the number identifying the matrix corresponds to   the  
figure number of the performance  curve in reference 2 for  that particular 
matrix. S m a l l  wire diameters which result i n  high  heat-transfer  coeffi- 
cients and large  heat-transfer  areas per  unit weight of core are the dis-  
t inct ive  features  of these  matrices. 

Eydrogen. - The heat-transfer  coefficients f o r  the hydrogen at two 
exit  conditions, an ex i t  hydrogen velocity of 200 feet   per second 

20000 R, are shown i n  table V. 
- (M = 0.024) and 125 feet   per second (M E 0.015) and a temperature of 
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The hydrogen experiences a large temperature change through the heat 
exchanger, and, hence, a considerable Reynold6 number change because of 
the change i n  Vi6COSity w i t h  temperature. The viscosity o f  hydrogen i n  
t h i s  temperature range is  proportional  to To.695. Heat capacity and 
Prandtl number are essentially  constant over t h i s  temperature  range. The 
(St)(Pr)  fo r  these screen  matrices was assumed t a  vary inversely w i t h  
Reynolds number t o  (ref. 6 ) ,  iilthough t h i s  variation ie slightly 
different  than  indicated on t h e  curves of reference 2. Therefore, t h e  
heat-transfer  coefficient w i l l  m y  approximately directly w i t h  To* 26. 

A mean value of h, was  taken t o  be that at an average  temperature 
of the hydrogen of ab0u.t 1000° R. These estimated mean heat-transfer 
coefficients are also shown i n  table V. 

Combustion producta. - The range of heat-transfer  coefficiente f o r  
the combustion products at inlet conditions of 2300°, 24Oo0, and 2500' R 
and at in l e t  Mach numbers, based on f'ree-flow area, of 0.04 and 0.06 are 
shown i n  table VI. 

The viscosity of the combustion products  varies  directly a8 ~0.71, 
so that the heat-transfer  coefflcient  varies about at *.27. A mean 
Value of' hh was taken t o  be the value at the mean temperature of the 
combustion products. These estimated mean va lues  are SlSO shown i n  table 
V I .  

Combustion Temperature 

Some parts  of the matrix materllal will asproach the combustion tem- 
perature, so that the maximum allowable combustion temperature would be 
lower for the rotary  than  for  the  stationary heat exchanger. 

To evaluate the heat-transfer-area requirement8 at various canbustion 
teqeratures ,   the  following relations  are used (ref. 5) : 

A t  the flow  velocities assumed in  estimating the heat-transfer co- 
efficients,   the f l o w  f ronta l  areas a.re established. The r a t io  of heat- 
transfer a r e a  &/& will, be the same as the   ra t io  of the flow f ronta l  
axeas. Thus, 

U 
c 
C 
C 
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A, 
4- 
" 

The r a t i o  of the  heat-transfer  coefficients &/hh  using the mean 
of values  established  previously is shown in   t ab l e  VI. The higher  veloc- 
i t y  flows of both sides  are assumed together as one s e t  of conditions and 
the lower velocity flows as another combination. 

The variation OS the flow  parameters aa combustion temperature vmies 
is shown in   t ab le  VII. I n   t h i s  table, the capacity  rate  ratio Cr/C&n 
w a s  se t  at 2.0. The effect of a var ia t ion   in  this r a t i o  will be  dis- 
cussed later. 

=om the  values  in tables V, VI, and VI1 and the core  properties i n  
table IV, the  heat-transfer  areas,  core weights, and speeds  can be 
calculated. 

The calculations of heat-transfer area, core w e i g h t ,  and rotat ional  
speed for  the three  matrices at combustion temperatures of 2300°, 2400°, 
and ZOOo R are sham i n  table VIII. These values axe for a  turbine-inlet 
temperature of m 0  R and a capacity rate r a t i o  @,in of 2.0. AI 

0 
(d 
s. 
N It will be  noted, as Kith the stationary exchanger, that, as the 

2 couibustion temperature is increased, the required heat-exchanger area and 

the weight is decreased,  since the matrix core  capacity rate Cr is 
constant. 

- weight decrease. However, the  requ.ired  rotational speed is increased as 

L 

The friction  pressure drop for these  configurations can be estimated 
from the  relation 

This re lat ion is  derived from the u s u a l  Fanning equation: 

By substituting, 

4L A 
I -  

% - %  
and 
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Pressure drops so calculated are also shown in   t ah l e  VI11 for  the 
combustion-products side  of  the exchanger. . TJie core weight and pressure 
drop relat ion are shown in  f igure 18. 

A comparison of' some of the core weights and  corresponding  pressure 
drops i n  figure 18 with those for  the stationmy exchangers (fig.  16) 
shows the marked reduction fn heat-exchanger-core weight possible d t h  
the rotary exchanger. 

For core number 108 at a combustion temperature of 2500' R, the  core 
weight would appear to be about 70 pounds at a -pressure dmp of 10 per- 
cent. This weight I s  only about  one-fourth the minimum eetimated fo r  the 
stationary-exckuger  core f o r  the same presaure drop. Furthermore, the 
combustion temperature is 400° R lower fo r  the rotary exchanger i n  this 
comparison. 

It should again be pointed  out  here that no evaluation of the mechan- 
ical  problem  associated  with the rotmy exchanger is included  herein. 
It is recognized that the additional  structural complexity required f o r  
the rotary exchanger might modify these weight comparisone. 

Capacity Rate Ratio 

From the curves of temperature  effectiveness against the nuniber of 
transfer  units (NTU), (ref. z), it can be seen that increasing %he capacity 
rate r a t i o  wtll decrease the (NTzT)o for the same effectiveness. The ccrre 
weight required will decrease--in direct  proportion  to this change i n  
(ECU)~. However, whm.the capacity  rate of ttte matrix is Increased, the I 

speed must be  increased  since it i s  the product of (weight)x (speed)x(metd 
heat capacity), which comprises the  matrix  cagaciw rate. 

A change i n  the capacity  rate  ratio also changes the temperature 
excursion which the core metal. takes. The range of temperature through 
which the metal  passes i s  

so that the AT of the metal is inversely  proportional  to the capacity 
rate r a t i o   f o r  a given rate of  beat exchange. 

Turbine-InSet Temperature. 

As with the stationary heat exchanger,  lowering the turbine-inlet 
temperature decreases the rate of heat exchange and increases the effective 
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temperature  difference fo r  heat transfer. Both factors   tend  to  decrease 
the heat-exchanger-core w e i g h t .  

However, if the  capacity rate r a t i o  Cr/Cmin is held  constant, the 
speed of rotation is increased.  Since C,in is not a function of the 
quantity of heat exchanged, Cr is not changed. Hence, since  core weight 
times  speed is  constant, t h e  speed must vary inversely w i t h  the weight. 
change. 

The estimated change i n  heat-exchanger-core weight w i t h  changing 
turbine-inlet  temperature is shown in   f i gu re  19 f o r  a combustion tempera- 
ture of 25000 R. It appears that the core weight could be reduced by one- 
half by lowering the turbine-inlet  temperature t o  about 1500' R. This is 
about the same r a t i o  as was estimated  for the stationary exchanger also. 

Lowering the  turbine-inlet  temperature will also &crease the vaxia- 
t i o n   i n  the core metal temperature,  since the temperature  excursion of the 
metal is changed in  direct   proportion to  the r a t e  of heat exchanged. 

CONCLUSIONS 

Through an analysis of the heat-transfer performance poss ib i l i t i es  
of stationary and rotary heat exchangers f o r  use i n  a hydrogen-expansion 
turbine  engine, a systiem called Rex 111 in reference L,. the fallowing 
conclusians have been drawn: 

1. For stationary heat exchangers,  core weights alone would be above 
48 pounds per pound per  second of hydrogen flow at a turbine-inlet tempera- 
ture of zOOOo R and fo r  EL pressure drop of about 10 percent of the inlet 
combustion gas pressure. 

2. Rotary  regener-atom offer poss ib i l i t i es  for heat-exchanger-core 
weights one-fourth that of the  stationary exchanger for  the same pressure 
drop. A t  the same time, lower combustion temperatures may be used. 

3. Lowering the turbine-inlet  temperature  to  about 150O0 R would cut 
the heat-exchanger-core w e i g h t  about i n  half f o r  either type of exchanger. 

While the analysis shows that  the heat-exchanger-core weight fo r  a 
rotary heat exchanger may be  considerably smaller than that fo r  a station- 
ary exchanger t o  do the same job, it should be kept  in mind that the - mechanical  problems with the  rotary exchanger may be quite  severe. 

. 
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In   par t icular ,  at the present state of the art, the seals neceesary 
t o  prevent  too  high a hydrogen leakage at the high differential  pressures 
involved are a formidable problem. A high  rate of hydrogen ledsage would 
reduce the quantity of t u r b i n e  workjng f l u i d  and would affect the heat- 
exchanger  performance adversely. The high tempergture  Levels and tem- 
perature changes in   t he  system will cause t h e r m a l  expansion  problems that 
w i l l  aggravate the sealing problem. 

I 

Contamination of the hydrogen by caxryover of combustion. products 
trapped i n  the mtrlx is small, less  than 1/2 percent for khe condition8 
considered  herein, so that  the effect on the  physical  properties of the 
hydrogen would be negligible. . 1  

The analysis  presented  herein compares only  weights of the heat- 
exchanger  cores based on their heat-transfer  perfomance. The additional 
mechanical  complexity of the rotary exchanger may add m a r e  t o  its weight 
than that of a stationary exchanger. The amount cannot be estimated 
un t i l  some satisfactory seal designs  are  developed t o  operate at these 
conditions. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, August 14, 1957 
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APPENDIX A 

33 n 
* n 

i3YMBoM 

A heat-transfer area, sq ft 

&e free-flow  frontal area, sq f't 

kj 

C capacity  ratio, Ucp, Btu/ (hr )  (si) 

?e heat capacity at constant  pressure, Btu/(lb) (%) 

function,  defined in text 

C r  

D 

f 

H 

h 

( m* 

k 

L 

core  capacity  ratio, (core weight)x(core heat capacity)x(rpmx60) , 
Btul ( W  (92) 

diameter, f t  

f r i c t ion   f ac to r  

conversion  factor, 32.174 ft/sec 2 

enthalpy,  Btu 

heat-transfer f i l m  coefficient, Btu/(hr) (sq f%) (%) 

c/ h 

thermal conductivity,  Btu/(hr) (sq ft) ("F/f%] 

flow  length, ft 

M '  Mach  number, V/r2/TgRT/m 

m molecular weight 

NTU number of  transfer  units of an exchanger, AU/C,in 

Pr Prsndtl number, Cpp/k 

P pressure, lb/sq f't 

(NT~T) number of over-an  t ransfer   uni ts  of an exchanger 

9 heat transferred, Btu 
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R 

R e  

4rh 

S 

st 
T 

*Ttm 

t 

U 

v 
W 

X 

Y 

e 

CI 

P 

% 

- NACA F M  E57H09 

universal  gas  constant, 1544 f t - lb/( lb  mole>(%> 

Reynolds number, 4 q V p / p  

hydraulic . die te r ,  ft .. . .. .. .. .. . .-.- . . 

Sutherland  constant 

Stanton number, h/C,pV 

temperature, OR 

.. 
. ... 

for heat transfer, 

tlme, h r  

over-all heat transfer  coefficient, B t u / ( h r )  (sq f t )  (OF) 

velocity, ft/b 

weight -flow rate,  lb/hr 

mole fraction 

r a t io  of specific heats 

heat-transfer  effectiveness, - 'h ( Thi 1 The) - 'c P o  1 ''9 
%in Thi Cmin Thi TcI 

" 

viscosity, lb/(ft)  (hr) 
density,  lb/cu ft 

function, defined in text 

Subscripts : 

a air 

C cold side 

. .  . .. - . .. .. 
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cO 

f 

h 

co 
m 
Lo 

hi 
h, 
i 

min 

cold gas in 

cold gas out  

fuel 

hot side 

hot gas in 

hot gas out  

component i 

component j 

m i x t u r e  

minimum 

W w a l l  

17 
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APPENDIX B 

PRYSICAL PEomTIEs 
The m w u r e  compositions for which the physical  properties  are  pre- 

sented are those r e s u l t i n g  from the reaction 

n(2H2) + O2 + 3.77 NZ + 2H20 + 3.77 N2 + 2(n - l ) H Z  

where n will vary from l (stoichiometric) to   in f in i ty  (pure Hz) .  No 
dissociation is  assumed at any condition  encountered  herein,  since tem- 
peratures  are below 3000° R.  

The composition  parameter used for  the  physical  property plot8 is 
mole fract ion of H2 i n  the mixture of combustion products. A t  a hydrogen 
concentration of zero, the mole fraction of hydrogen i s  zero, and water 
and nitrogen  are  in  the mole r a t i o  2.0 t o  3.77. This i s  the campositton 
resulting from s t o i c h i o m e t r i u s t i o n  (n = I). A mole fraction  equal 
t o  1 is pure hydrogen. An equivalence rat io   scale  is also included on 
the plots  for reference-  Equivalence r a t i o  is the r a t i o  of a c t u a l  f u e l  
t o  that required for stoichiometric combustion. 

- 

Experimental viscosity and thermal conductivity data are  available 
for the pure component gases  (ref. 7 ) .  Heat capacities for the pure gases 
were taken from reference 8. Ftroperties of' normal-hydrogen gas were used 
throughout, since all data were not available for  the para-hydrogen. The 
difference i n  properties between n o r w  and  para-hydrogen would not affect - 
appreciably any of the results presented  herein. 

Physical  property data for  the mixtures were calculated by the methods 
outlined as follows. Although, as is discussed in  the  references  cited, 
these equations are not  considered  applicable when one of the gases is 
highly polar (water vapor f n  t h i s  instance),  the  relations were neverthe- 
l e s s  assumed t o  apply,  since no experimental data for these mixturea were 
available. 

viscosity 

The viscosit ies of the mixtures were calculated  according t o  the 
method of reference 9: 
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Pure component gas v-iscosities were t.&en from reference 7. Values  
n 
-8 
n 
D of 'Pi3 are plotted  in  reference 9 for  simplifying the cdculartFons. 

Calculated  curves are shown i n  figure 2. For values at intermediate tem- 
peratures, the mean temperature dependence of viscosity is approximately 
p= To.71. 

. " 

Thermal Conductivity 

The thermal  conductivities of the m M u r e s  were calculated  accordfng 
t o  a similar expression (ref. 10): 

I 

The pure colqponent thermal  conductivities were taken from reference 7. 

The calculated  gss-mixture thermal conductivities are shown i n  figure 
3. For values at intermediate temperatures the temperature dependence of 
thermal  conductivity is. approximately k a 

Heat Capacity 

The heat  capacities of the gas m i x t u r e s  were taken as the mass 
average  of the heat capacities of the constituents: 
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The pure component heat  capaciti-es were taken from reference 8. Pze cal- 
culated gas-mixture heat capacities  are  plotted i n  figure 4. 

Flame Temperature 

Rich-mixture  flame  temperatures were calculated for the reaction 

n(2%) + 0, + 3.77 N2 + 2%0 + 3.77 N2 + 2(n - 1)% 
by assuming no dissociation of the products of combustion. The heat 
balance is 

where Tat the  entering air temperature, was set at 700' R and TH , the 
entering hydrogen temperature, was set at values of 7000, 9000, ~ 8 0 0 ,  
ancLL300° R. 

Curves of  rich-mixture flame temperature against equivalence  r.atio 
are plot ted  in   f igure 5. 

O t h e r  Calculated Values 

The Prandtl number  Cpp/k w - a ~  computed from the curves of' figures 
2, 3, and 4 and is shown in  f igure 6. 

Mean molecular  weights were taken as the  volumetric  average of' the 
rnolecubr weights of the constituents: 

Values  of the mean molecular weight f o r  a range of equivalence ratios a r e  
plo t ted   in   f igure  7. 

The enthalpy of hydrogen from the normal l iqu id   s ta te   to  2O0O0 R ie 
plotted  in  f igure 8. Liquid hydrogen at 1 atmosphere is taken as the 
zero  reference  point, 
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AND PRFSSE3 NOS ACROSS HOT SIDE 

[ Turbine-inlet  temperature, zoOOo R; combustion 
temperature, 29000 R; shell Side. 3 

:ore 
lumber 
>r 
Ygure 
lumber 
In. 
:ef. 2 

area) 
I I I I 

44 0.1 0.0166 2390 0.014 

44; i . . .0125  1790 . 012 .047 
0.072 

52 -0166 2390 . OIL .m 
.0196- 2800 .ol3 .063 

.OX36 1 .0166 

.0125 

.0196 

.0166 

.0166 

.0125 

.OX6 

3590 
2680 
4200 
3590 
4780 
35m 
5600 
4780 

.011 

* 009 
.01 ' .05a . 057 

Gat- Over-all 
:ransf er heat - 
:oeff i- transfer 
:ient , caeff i- 

%I c b n t ,  

272 
233 
252 
214 

348 
290 
3Q5 
3ao 
426 
349 
387 
380 

176 
E 9  
167 
WQ 

205 
183 
189 
195 
230 
205 
219 
216 

Beat- 

ratLo, area, 
drop tranefer 
Pressure 

A, AP/P 
sq/ft 

695 

816 
733 

.ol5 770 
0.025 

.022 
-022 

597 .077 
667 .os% 
646 '.07 
627 -063 
532 -157 
597 
559 

.lo1 

.144 
567 .144 

" 
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TABLLE IV. - PROPERTIES OF SOME ROTARY-HEAT-EXCEANGEFl MATRICES 

figure  unit 
number vo lune, 

ref. in 2 I 
107 0.0105 0.001328 1820 
108 .0076 .00129 2 2090 

109 .0135 .002960 980 

~ ~ 

Poros- 
i t y  

0.602 

.675 

.725 

t ransfer  

19 8 0. ll 

16 4 .0777 

1372 1 .1403 

Matrix 

ref .  2 
i n  
number 
figure 

r t l s e c  or  
velocity, number 
Exit 

107 

109 
108 

125 

107 200 
108 
3-09 

Reynolds 
number, 

Re 

126 
123 
281 

202 
196 
450 

factor, 

0.07 1.0 
.072 I .97 .063 .50 

.85 

.42 

He at, - 
transfer 
coeff i- 
cient , 

h, 
x)OOo R 

1850 
1905 
1668 

coeff'i- 
c ient  , 

2420 2020 

2120 17 70 

25 
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TABLE VI. - HEAT-TRANsm COEFF'ICIENTS FOR CClMBUSTION 

PRODUCTS IN ROTARY HEAT M C W G E R  

Reynolds (St)(-)  Friction 
transfer transfer number, factor, 
Heat- Heat- 

Re f coeff i- coeff i- 
cient,  cient, 

Ratio of 
Cold- to 
hot-side 
coeffi- 
cient, 

hc/hh 

&at- 
transfer 
coef f 1- 
cient, 

hc 

number 

." ~~ - - .  

Mach number, 0.04 

0.078 

E590 

1.61 
1.60 
1.57 
1.64 
1.65 
1.62 

2400 88.5 107 
108 

197 109 
86 

2500 

185 109 
80.7 108 
83.4 107 

.079 

942 .55 .072 
1060 l.L .081 
1033 1.25 

.079 1.3 960 

.082 1.15 
9 U  .56 .075 
995 

Mach  number ,. 0.06 

1.76 
1.75 
1.67 

1545 
910 1590 

1390 

0.069 
.07 
.06 

1.58 
1.54 
1.59 

135.5 
132 
302 

132.8 
129 
296 

1770 

1240 
1260 19 90 
1095  1770 

.069 

.07 

.061 

1.63 
1.58 
1.62 

2400 
108 
107 

109 

2500 I 109 

125 
1 2 1  
278 

.07 1.1 127 2 116 5 2020 

.072 1 z: I 1162 1 1065 1 1770 
1310 1200 1990 

.064 

1.73 
1.66 
1.66 

.- 
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c 

* 

[Turbine-inlet temperature, 
CJCrnin, 2.0. J 

2oooo R; capacity rate rat.io, 

pera- 
ture , 

1 2400 1 8.7 

2300 10.0 

2500 7.7 

26.35 
29.4 
32.4 

Eeat Capacity 
capac- rate of 
i t y  of hot side 
hot (wcp) h 
gas, 
(Cp)h 

Over-all 
number 
of 
transfer 
uni ts  
required, 

( m ) o  

Eeat- 
transfer- 
area 
rat io ,  

A c h  

0.75 0.867 

.226 3.0 .70 .797 

.248 3.5 .71 .83 
0.274 4.6 



N m 

number 

ref. 2 

cold- 
8 lde 
heat- 
transfer 
area, 

~~ 

sq ft 

Pressure 

ratio on 
hot side, 

drop . 

'Hydrogen exit hkcbnurnber, 0.015; cambIj.stion-products Inlet Mach number, 0;CU 
(based on free-flow areas) 

2300 107 0.097 1.2 129 16 3 1485 , 319 6.53 0.441 4.6 

la .430 6.57 

. o s  .55 111 189 Ex3 267 4.91 .4Ul 109 

.064 1.1 228 92 ll82 235 4.93 ,409 108 
0.075 1.25 158 133 1212 241 4.92 0.406 3.5 107 2400 
.049 .55 90 234 1665 358 

2500 107 3.0 0.398 4.19 205 1llo 

,031 , .56 123 171 1220 225 4.13 ,378 109 
.a7 1.15 250 84 1080 199 4 , l Q  ,396  108 

0.067 1.3 172 122 

- 

108 .086 . 1.1 184  114 1460 314 6.61 ,439 ; 

l3ydrogen exit Mach number, 0.024; combustion-products I n l e t  Mach number, 0.06 

2300  107 

.122 .48 114 184 l310 282 6.60 .435 109 
,204  . e1 234 90 ll52 248 6.54 ,422 108 

0.223 1.0 16 7 126 u50 247  6.59  0.433  4.6 

2400 107 3.5 0.404 4.91 

.os2 .49 143 147 1050 209 4.90 ,401 109 

.152 .91 292 72 929 185 4.87 ,392 108 
0.165 1.0 208 ID1 924 1W 

2500 107 3.0 0.391 4.17 156 845 93 

.079 .so 152 WB 953 176 4.12 .375 109 

0.1% 1.1 226 
108 .136 318 1 .96 66 &6 157 4.12  .375 
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Mole f ract ion of hydrogen in mixture 
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3 4 5 6 7  I1 15 

Equivalence ratio 

Figure 2. - Calculated viscosity of hydro en-nitrogen-water 
vapor m i x t u r e a  . Mole r a t i o  of nitrogenTwater = 3.77/2.0; 
p04.71 

R 
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Hole  fhc t ion  of hydrogen i n  mixture 

pigure 3. - Calculated thermal coaductivity of hydrogen- 
nitrogen-water wpor e w e s .  ratio of nitrogen/ 
water = 3.77/2.0; kaf l -77 .  
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Figure 4. - Heat  capacity  of  hydrogen-nitrogen-water  vapor 
m i x t u r e s .  Male ra t io  of nitrogedwater = 3.77/2.0. 
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0 .2 .4 .6 .a 
Mole f r a c t i o n  of hydrogen i n  mixture 

3 4 5  7 11 15 
Equivalence r a t i o .  .. . 

Figure -6. - Calculated P r a n d t l  riders o f  hydrogen-nftrogen- 
water vapor mixtires. r a t u .  ~f nitrogen/"ter = 
3.77/2 .O. 
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Figure 7. - Average molecubr w e i g h t  of combustion products 
of hydrogen-air m i x t u r e s .  Products of complete oxidation 
with no dissociation. 

35 



36 

7000 

6000 

2000 

1000 

0 

NACA FtM E5W09 

400 800 1200 1600 2000 
Temperature, T, OR 

Figure 8. - Heat content of hydrogen above liquid at normal 
boiling point. 
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Figure 10. - Effect of  .combustion teuperature 
on re la t ive  combustor area ad on re la t ive  
temperature  gradient f a r h e a t  t ransfer .  
Constant  combustor-exit Msch Ilumber, 0.1. 
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Figure 12. - Heat-eanefer coefficient for hydroma-rich mixture combus- 
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Figure 13. - Comparison of e f fec t  of combustion temperature 
on relative heat-transfer  coefficient and r e l a t ive  
effective temperature  gradient  for heat t ransfer .  
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(a) Maximum wall temperature BB determined from gas tem- 
peratures and relative  heat-transfer  coefficients. 
Hydrogen-outlet temperstme, 20000 R. 
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(b) Yield strength - temperature relation 
f o r  a high-strength alloy, Inconel X 
(ref. 3). ' 

Figure 14. - P&rametere determining limiting wall temperature 
f o r  stationary  regenerator. 
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Figure 15. - Change i n  heat-transfer-area re- 

quirement with changing turbine-inlet tem- 
perature and combustion temperature. 
Stationary exchanger. 
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Figure 16. - Heat-exchanger-area - pressure-drop relations far 
several tde-shell  core configuratione. 
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Figure 17. - Schematic diagram of Rex 111 cycle  (ref. 1) engine with rotary heat 
exchanger. 
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Figure 18. - Heat-exchanger-core  weight - pressure-drop re la t ion  for 
several  rotary heat  exchangers. 
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Figure'19. - Effect of varying turbine- 
inlet temperature on relative weight 
of rotary-heat-exchanger .- cwe. 
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